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[0001] ITERATIVE FAST FOURIER TRANSFORM ERROR CORRECTION 
[0002] This application claims priority to U.S. Provisional Patent Application No. 
60/282,387, filed on April 6, 2001. 
[0003] BACKGROUND 

[0004] The invention generally relates to wireless communication systems. In 
particular, the invention relates to data detection in a wireless communication system. 
[0005] Figure 1 is an illustration of a wireless communication system 10. The 
communication system 10 has base stations 12i to 12^ (12) which communicate with user 
equipments (UEs) 14i to 14^ (14). Each base station 12 has an associated operational area, 
W where it communicates with UEs 14 in its operational area. 

d [0006] In some communication systems, such as code division multiple access 
(CDMA) and time division duplex using code division multiple access (TDD/CDMA), 
multiple communications are sent over the same frequency spectrum. These 
communications are differentiated by their channelization codes. To more efficiently use 
the frequency spectrum, TDD/CDMA communication systems use repeating frames divided 

S3 

¥^ into tune slots for communication. A communication sent in such a system will have one 
or multiple associated codes and time slots assigned to it. The use of one code in one time 
slot is referred to as a resource unit. 

[0007] Since multiple communications may be sent in the same frequency spectrum 
and at the same time, a receiver in such a system must distinguish between the multiple 
communications. One approach to detecting such signals is multiuser detection (MUD). In 
MUD, signals associated with all the UEs 14, users, are detected simultaneously. Another 
approach to detecting a multi-code transmission from a single transmitter is single user 
detection (SUD). In SUD, to recover data from the multi-code transmission at the receiver, 
the received signal is passed through an equalization stage and despread using the muM- 
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codes. Approaches for implementing MUD and the equaUzation stage of SUD include using 
a Cholesky or an approximate Cholesky decomposition. These approaches have a high 
complexity. The high complexity leads to increased power consumption, which at the UE 
14 results in reduced battery Ufe. To reduce the complexity, fast fourier transform (FFT) 
based approaches have been developed for MUD and SUD. In some FFT approaches, an 
approximation is made to facilitate the FFT implementation. This approximation results m 
a small error being introduced in the estimated data. Accordingly, it is desirable to have 
alternate approaches to detecting received data. 



[0008] SUMMARY 

[0009] Data is to be estimated from a received plurality of data signals in a code 
CI division multiple access communication system. The data signals are transmitted in a shared 

i j spectrum at substantially a same time. A combined signal of the transmitted data signals are 

J'*- 

J J received over the shared spectrum and sampled. A channel response for the transmitted data 

li signals is estunated. Data of the data signals is estimated using the samples and the 

;^ estimated channel response. The data estimation uses a fourier transform based data 

H estimating approach. An error in the data estimation introduced from a circulant 

£3 

approximation used in the fourier transform based approach is iteratively reduced. 



[0010] BRIEF DESCRIPTION OF THE DRAWING(S) 

[001 1] Figure 1 is a wireless communication system. 

[0012] Figure 2 is a simpHfied transmitter and a FFT based data detection receiver 
using iterative error correction. 

[00 1 3] Figure 3 is an illustration of a communication burst. 

[0014] Figure 4 is a flow chart of iterative error correction. 

[0015] Figure 5 is a flow chart of areceiver selectively using iterative error correction. 
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[0016] Figure 6 is a flow chart of an example of a FFT based SUD using iterative 
error correction. 

[0017] Figure 7 is a flow chart of an example of a FFT based MUD using iterative 
error correction. 

[0018] DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 
[0019] Figure 2 illustrates a simplified tiransmitter 26 and receiver 28 using a FFT 
based data detection witii iterative error correction in a TDD/CDMA communication system, 
altiiough iterative error correction is applicable to otiier systems, such as frequency division 
duplex (FDD) CDMA. In a typical system, a transmitter 26 is in each UE 14 and multiple 
transmitting circuits 26 sending multiple communications are in each base station 12. The 

S3 iterative error correction receiver 28 may be at a base station 12, UEs 14 or both. 

CI 

£5 [0020] The transmitter 26 sends data over a wkeless radio channel 30. A data 
y generator 32 in the transmitter 26 generates data to be communicated to tiie receiver 28 . A 
55 modulation/spreading/training device 34 spreads tiie data and makes the spread reference 
L data time-multiplexed with a midamble training sequence in tiie appropriate assigned time 
I* slot and codes for spreading tiie data, producing a communication burst or bursts. 
K [0021] A typical communication burst 16 has a midamble 20, a guard period 18 and 
two data fields 22, 24, as shown in Figure 3. The midamble 20 separates tiie two data fields 
22, 24 and tiie guard period 18 separates tiie communication bursts to allow for tiie 
difference in arrival times of bursts transmitted from different transmitters 26. The two data 
fields 22, 24 contain tiie communication burst's data. 

[0022] The communication burst(s) are modulated by a modulator 36 to radio 
frequency (RF). An antenna 38 radiates tiie RF signal tiirough tiie wireless radio channel 
30 to an antenna 40 of the receiver 28. The type of modulation used for tiie ti-ansmitted 
communication can be any of tiiose known to tiiose skilled in tiie art, such as quadratiire 
phase shift keying (QPSK) or M-ary quadratiire amplitude modulation (QAM). 
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[0023] The antenna 40 of the receiver 28 receives various radio frequency signals. 
The received signals are demodulated by a demodulator 42 to produce a baseband signal. 
The baseband signal is sampled by a sampling device 43, such as one or multiple analog to 
digital converters, at the chip rate or a multiple of the chip rate of the transmitted bursts. The 
samples are processed, such as by a channel estimation device 44 and a FFT based data 
detection device 46, in the time slot and with the appropriate codes assigned to the received 
bursts. The channel estimation device 44 uses the midamble training sequence component 
in the baseband samples to provide channel information, such as channel impulse responses. 
The channel impulse responses can be viewed as a matrix, H. The channel information and 
spreading codes used by the transmitter are used by the data detection device 46 to estimate 
the transmitted data of the received communication bursts as soft symbols. An iterative error 
correction device 48 processes the estimated data to correct errors resulting from the FFT 
based detection. 

[0024] Although iterative error correction is explained using the third generation 
partnership project (3GPP) universal terrestrial radio access (UTRA) TDD system as the 
underlying communication system, it is applicable to other systems and other FFT linear 
equation based applications. That system is a direct sequence wideband CDMA (W- 
CDMA) system, where the uplink and downlink transmissions are confined to mutually 
exclusive time slots. 

[0025] Data detection is typically modeled using a linear equation per Equation 1 . 

2x=y Equation 1 

For SUD, data detection is typically modeled per Equations 2 and 3. 

r=Hs+n Equation 2 
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s=Cl Equations 

r is the received samples as produced by the sampling device 43. H is the channel response 
matrix as produced using the channel responses from the channel estimation device 44. 5 
is the spread data vector. The spread data vector, s, as per Equation 3, is a vector 
multiplication of tiie channel codes C and the originally transmitted data d . 
[0026] A minimummean square error (MMSE) approach to solving Equation 1 is per 
Equations 4 and 5. 

s_ = [H"H+Cj'iyH"r_ Equation4 

is 

hi 

W ^ ^ Equation 5 

'-4 - 

O'. 
p. 

represents the complex conjugate ti:anspose function, a is tiie standard deviation as 

y determined by tiie channel estimation device 44. I is the identity matrix. 

[0027] Equation 4 acts as the channel equalization stage and Equation 5 as tiie 
despreading. A cross channel correlation matiix is defined per Equation 6. 

R=H"H+a'l Equation 6 

The linear equation required to be solved is per Equation 7. 

jls=y Equation 7 



0 
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y is per Equation 8. 



y y Equation 8 

Although R is not circulant for a multiple of the chip rate sampling, a portion of R is 
circulant. The circulant portion is derived by eliminating the bottom and top W rows. W 
is the length of the channel impulse response. By approximating R as a circulant matrix, 
Rcir' Rcir is decomposable through fourier transforms, such as per Equation 9. 



U. Kr = O.'^ADp =^D;AD, Equation 9 

a- ^ 

O ■ 

^ J [0028] Using a column of the R matrix to approximate a circulant version of R, the 

Si 

Q spread data vector can be determined such as per Equation 10. 

n. 

8 ^ 



[0029] (R)i is the first column of R and (H)i is the first column of H, although any 
column can be used by permuting that column. Preferably, a column at least W columns 
from the left and right are used, since these columns have more non-zero elements. 
[0030] For MUD, data detection is typically modeled per Equation 1 1 . 

r=Ad+n Equation 11 
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A is the symbol response matrix. The symbol response matrix is produced by multiplying 
the channel codes of the transmitted bursts with each burst's channel response. 
[003 1] A MMSE approach to solving Equation 11 is per Equations 12 and 13. 



^ = (A^A+<T^/)"'A«r Equations 



R=A"A+(/I Equation 13 



R is referred to as the cross correlation matrix. 

The linear equation to be solved is per Equation 14. 

II d=R~^y Equation 14 

W . 

Si 

g y is per Equation 15. 

I'* 

P 

U ^^aH^ Equation 15 

15 - 

[0032] If the elements of R are grouped into K by K blocks, the structure of R is 
approximately block-circulant. K is the number of bursts that arrive simultaneously. The 
K bursts are superimposed on top of each other in one observation interval. For the 3GPP 
UTRA TDD system, each data field of a time slot corresponds to one observation interval. 
Using a block ckculant approximation of R, Rbcir Rbcir is decomposable through block- 
Fourier transforms, such as per Equation 16. 
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Kir =D;'ADp =-D*pADp Equation 16 



y 

n 



|f F(d) = A-^F(A%) Equation 19 



P 



Dp is per Equation 17. 

Dp=D,<S>Ii„P=K-Ns Equation 17 

Dn is the N-point FFT matrix and Ik is the identity matrix of size K. ® represents the 
kronecker product. Ng is the number of data symbols in a data field. A is a block-diagonal 
matrix. The blocks of A are Dpi? „>(:,! : K). As a result, A is per Equation 18. 

A = diag{DpR(:,l:K)) Equation 18 

Using FFTs, the data vector, ± , is determined per Equation 19. 



As a result, the FFT of ^ is determined. The data is estimated by taking the inverse FFT 
of d . 

[0033] To improve on the accuracy, the dimension of R may be extended to include 
the impulse response of the last symbol. This last symbol's impulse response extends into 
either the midamble or guard period. To capture the last symbol's response, the block- 
circulant structure of R is extended another W - 1 chips. W is the length of the impulse 
response. The same FFT approach is performed by using the extended R matrix and 
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extended r by using information from the midamble (after midamble cancellation) or the 
guard period. 

[0034] If a prime factor algorithm (PFA) FFT is used, the R matrix may be extended 
so that the most efficient PFA of length z is used. The R matrix is similarly expanded to 
length z using the midamble or guard period information. 

[0035] Although iterative error correction is explained in conjunction with specific 
implementations of SUD and MUD, it is applicable to any FFT based solution to a Hnear 
equation, which uses a circulant approximation, as generally described as follows. 
[0036] Equation 1 is a general linear equation. 



2x=:y Equation 1 

a 

m. ^ ■ 
P " 

4S To determine x , Equation 20 can be used. 

? x=Z~^y Equation 20 

~ 

P . . ^ ^ . 

^* Inverting matiix Z is complex. By approximating Z as a circulant matrix, Z^u-, Z is 

I** determinable by FFT decomposition per Equations 21 or 22. 



Z„., = D;'ADp =jD;ADp Equation 21 



= D;'ADp =jD;A-'Dp Equation 22 
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If Z is a block-circulant matrix, a block-fourier transform is used instead, which uses 
equations analogous to Equations 21 and 22. 

[0037] The circulant approximation of Z creates an approximation error. The 
difference between Z and Z^j^ is per Equation 23. 

Z = Z^,, - Equation 23 

A2 is the differential matrix between Z and Z^if. Using the circulant and differential matrix, 
Equation 1 becomes Equation 24, 

(Z,^, - A2 )x = y Equation 24 

By rearranging Equation 24, Equation 25 results. 



X = y +Z;Ia^x Equation 25 



An iterative approach can be used to solve Equation 25, per Equation 26, 27 and 28. 



^(*) +^^^-iJ Equation 26 



^(^-0=zT;y Equation 27 



i^^) =Z~;A2i(^"^) Equation 28 
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Using Equations 26, 27 and 28, x is solved as foUows. An initial solution of x , x^"^ , is 
determined using FFTs of Equation 21 or 22 and the circulant approximation, as illustrated 



by Equation 29. 



x^^'>=Z;}y Equation 29 



An initial error correction term, A^^ , is determined using Equation 30. 



^?=Zd!Azi(°) Equation 30 

P 

1 The initial error correction term, A?^ is added to tiie initial solution, per Equation 31. 

y 
p 

CI- 

t'* Iterations are repeated N times per Equations 32 and 33. 

hi 

hi- . 



fW=x^°)+A('') Equation 31 



A(f)=Z;jA,i(*) Equation 32 



^^{^) +A^), it =1, 2, ... iV -1 Equation 33 

x!-^") is used as the estimate for x . The number of iterations, N, may be a fixed number 
based on a trade-off between added complexity due to the iterative error correction process 
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and increased accuracy in the x determination. The number of iterations, N, may not be 
fixed. The iterations may continue until i^*""') and i^*) are the same value (the solution 
converges) or their difference is below a threshold, such as per Equations 34 and 35, 
respectively. 

_ x^*^ = 0 Equation 34 

_ ;c ^ < r Equation 35 



T is the threshold value. 



li [0038] One of the advantages to iterative error correction is that it is optional. The 
initial solution, i^") , is the same estimation of ^ as would result without any error 

Si 

□ correction. As a result, if additional precision in the x determination is not necessary, 

Sf ■ ■ 

f * iterative error correction is not performed and the additional complexity of iterative error 
b correction is avoided. However, if additional precision is necessary or desired, iterative 
13 error correction is performed at the expense of added complexity. Accordingly, iterative 

error correction provides an adaptable tradeoff between accuracy and complexity. 

Furthermore, since iterative error correction is performed only using matiix multiplications, 

additions and subti-actions, the added complexity of iterative correction is relatively small. 

[0039] Applying iterative error correction to a MMSE solution for SUD, the hnear 

equation being solved is per Equation 36. 

Rs = y Equation 36 
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y and R are per Equations 37 and 13, respectively. 



Equation 37 



Equation 13 



In relating Equation 36 to Equation 1, R corresponds to Z, s corresponds to x and y 
corresponds to y. 

[0040] Using a circulant approximation for R, R^i^ iterative error correction is 
performed as foUows. An initial spread data estimate, s^") , is determined using FFTs, as 
illustrated by Equation 38. 




Equation 38 



[0041] 



An initial error correction term, , is determined using Equation 39. 



Equation 39 



[0042] is the difference between R and Rcir- The initial error correction term, 

A^^^ , is added to the initial solution, s^'^^ , per Equation 40. 



,0)=,(o)+4o) 



Equation 40 
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[0043] Iterations are repeated N times per Equations 41 and 42. 



4*)=i?-;Aa^*^ Equation 41 



=s^') ifc =1, 2, . . . iV -1 Equation 42 



The data symbols are determined using the iterations estimated spread data vector, s^'^ ^ , 
by despreading using the channel codes of the transmitted bursts as illustrated in Equation 
43. 

Si d=^C^s^^^ Equation 43 

— — 

W ■ 

[0044] Applying iterative error correction to a MMSE solution for MUD, the linear 

CI 

? equation being solved is per Equation 44. 

1;^ 



Rd =y Equation 44 



and R are per Equations 45 and 46, respectively. 



H « Equation 45 



R=A'^A+a^I Equation 46 
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In relating Equation 44 to Equation 1, R corresponds to Z, d_ corresponds to x and j 
corresponds to y. 

[0045] Using the block circulant approximation for R, R^^i,, iterative error correction 
is performed as follows. An initial data estimate, is determined using FFTs, as 
illustrated by Equation 47. 

^(o)^^-i^3. Equation 47 

[0046] An initial error correction term, A^J^ , is determined using Equation 48. 

4)=2?,;VA,d(°) Equation 48 



P [0047] Aj is die difference between R and Rbcip. The initial error correction term, 

i 

ll ' is added to die initial solution, ^("^ , per Equation 49. 

tJ ■ dW=j(<')+4°) Equation 49 

[0048] Iterations are repeated N times per Equations 50 and 5 1 . 

= R^-^iARl^'^ Equation 50 

^{^=+1) +^]), it =1, 2, ... JV Equation 51 
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[0049] The estimated data symbols is the N*^ iterations estimated data symbols, d}'^'. 

An analogous approach is also used if the R matrix is extended to capture the last symbols 
impulse response or extended to an efficient PFA length. 

* * * 
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